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Abstract. We study the effects of low-pr collective flow on radiative energy loss from high-pr partons 
traversing the QCD medium created in high-energy nucleus-nucleus collisions. We illustrate this idea 
through three examples. Due to longitudinal flow, jet profiles at the LHC present marked asymmetries in 
the 77 X (^-plane, and widths in 77 and (j) of particle distributions associated with a high-pT trigger at RHIC 
become different. Finally, transverse flow implies an increase of high-pT V2 at RHIC. 

PACS. 25.75.Ld Collective flow in relativistic heavy-ion collisions - 24.85.-fp Quarks, gluons, and QCD 
in nuclei and nuclear processes - 25.75.Gz Particle correlations in relativistic heavy-ion collisions 
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Low transverse momentum inclusive spectra and azimuthal 
correlations measured in Au-f Au collisions at the Rela- 
tivistic Heavy Ion Collider (RHIC) indicate that differ- 
ent hadron species emerge from a common medium which 
has built up a strong collective velocity field Pl^lEEj- 
These measurements are broadly consistent with calcula- 
tions based on ideal hydrodynamics, whose success is re- 
garded as strong evidence |j5| that the medium produced 
in nucleus-nucleus collisions has a very small mean free 
path, shows a very rapid thermalization at a time less than 
1 fm/c after initial impact, and behaves like an almost 
ideal fluid with vanishing viscosity. This suggests strong 
position-momentum correlations in the medium. In this 
contribution we explore possible effects of this collective 
flow on high-pT observables (B](7j. 

At collider energies, the production of high-p^ hadrons 
and jets provides a novel independent characterization of 
the produced medium. This is so since the gluon radiation 
off parent partons is sensitive to the interaction between 
the partonic projectile and the medium, see the reviews in 
[511^11)111 . The radiative energy loss of a fast parton 
traversing a QCD medium is determined by momentum 
exchanges perpendicular to the trajectory of the parton. 
Thus, if the hard parton (jet) is produced in a frame not 
co-moving with the collective flow, momentum exchanges 
become anisotropic and an additional contribution to en- 
ergy loss comes from flow, see Fig. ^ 

At a given energy density e, the dynamic behaviour of 
the medium is fully specifled by its equation of state (EOS) 
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Fig. 1. Sketch of the radiation from a fast parton travers- 
ing the vacuum (left), a static medium (center) and a flowing 
medium (right). 



p = p(e, T, fis) which enters the energy momentum tensor 
T'^" {x) = {e+p)u^u'' -pg^"" . (1) 

Here, — 7(1, /3) is the flow velocity fleld. 

On the other hand, quenched high-p-r hadroproduc- 
tion is sensitive to the transport coefflcient q, which is 
proportional to the density of scattering centres and char- 
acterizes the squared average momentum transfer from 
the medium to the hard parton per unit path length. This 
transport coefficient is related to e ^21 1 Q [CeV / fm] = 
ce'^/^ [(GeV/fm'^)^/'^ ] ■ H ere, c is a proportionality con- 
stant of order unity |18II14| . 

In order to take into account the effect of the anisotropy 
in momentum exchanges due to the presence of flow on ra- 
diative energy loss, we modify the Yukawa-like scattering 
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potential usually employed to model the medium 
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|a(q) 



7r[(q-qo)2 + Ai^ 
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(2) 



The Debye screening mass /i is usually taken to be propor- 
tional to the energy density e, while the directed momen- 
tum component qo is assumed to conic from the additional 
contribution to T" is given by Ap = (e+p)u' u^{— 4p7^/9^ 
for an ideal EOS e — 3p). This implies, for rapidity differ- 
ences 1] = 0.5, 1.0, 1.5 between the frame co-moving with 
the hard parton and the frame co-moving with the collec- 
tive flow, Ap/p ~ 1, 5, 18. So this naive estimation shows 
that such directed component may be |qo| ^ i^- Let us 
indicate that we do not address in this contribution the 
dynamical dilution of the medium. It can be taken into ac- 
count by a redefinition of the (time-dependent) transport 
coefhcient as shown in |16II17II18| . 

We have calculated the medium-induced radiation of 
gluons with energy uj and transverse momentum k, emit- 
ted from a highly energetic parton that propagates over a 
finite path length L in a medium of density no with col- 
lective motion. To first order in opacity, we find |19II2U[ 



dcodk (27r)2 

-L 



dq|a(q)| 



2 k • q 



k2 



sin ( L 



(k+q) 



[(k + q)V2H- 
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In the absence of a medium, the parton fragments ac- 
cording to the vacuum distribution /*°' = J™'^. The ra- 
diation spectrum ^ characterizes the medium modifica- 



tion of this distribution 
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dijj dk. duj du f/k 

so-called single hard scattering approximation 19,20„21.. 
Physically equivalent results are obtained in the multiple 
soft scattering approximation (22 . as explained in 21 . 

. TtOt 

From w^jjj^, we calculate distortions of jet energy and 
jet multiplicity distributions |23j . 



2 Exercises 

To illustrate the effects of flow on high-p^ observables and 
the information about the medium that can be extracted 
from such measurements, we perform three exercises: We 
examine jet shapes at the Large Hadron Collider (LHC) "B", 
[7] in Section 1231 widths of particle distributions at RHIC 
|S] in Section and, in Section high-p^ elliptic flow 
at RHIC 13. 



2.1 LHC: jet shapes 



From w^7^, we calculate distortions of jet energy and 
jet multiplicity distributions |^. Information about I™'^ 
is obtained from the energy fraction of the jet contained 
in a subcone of radius R = yjrj^ + (/i^, /Ovac(^). For this 
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Fig. 2. Calculated distortion of the jet energy distribution in 
the r\ X (^-plane for a 100 GeV jet. The right hand-side is for an 
average medium-induced radiated energy of 23 GeV and equal 
contributions from density and flow effects, = go- 



jet shape, we use the parametrization |24j of the Fermi- 
lab £>0 Collaboration for jet energies in the range « 50 < 
Et < 150 GeV and opening cones 0.1 < i? < 1.0, modified 
as explained in [HIC|. We then calculate from Eq. the 
modification j^Hl of pvac (-R) caused by the energy density 
and collective flow of the medium. To do so, we transform 
the gluon emission angle arcsin(fc/cj) in (j^J to jet coordi- 



nates T], (f>, kdkda 



drj d(f> where a denotes the 



cosh rj 

angle between the transverse gluon momentum k and the 
collective flow component qp. 

In Fig. 121 we show the medium-modified jet shape for 
a jet of total energy Et — 100 GeV. To test the sensitivity 
of this energy distribution to collective flow, we have cho- 
sen a rather small directed flow component, go = The 
parameters in ^ were adjusted |^1I7| such that an average 

energy AEt = J dujuj "^"^^ = 23 GeV is redistributed by 
medium-induced gluon radiation. This is a conservative 
estimate for Pb-|-Pb collisions at the LHC, and implies a 
shift of the calorimetric jet center of 0.04 rapidity units [7]- 
Both the broadening in the jet structure due to medium- 
induced Brownian motion of the partonic jet fragments 
in a dense medium | 21| and a marked rotational asym- 
metry in the rj x (p-plane characteristic of the presence of 
a collective flow field, can be observed. While the jet en- 
ergy contours shown in Fig.|21may not be easy to observe, 
the difference in widths in the different directions in the 
77 X (/)-plane should be clearly visible, see |^1|7). 



2.2 RHIC: widths of particle distributions 

The calculation of medium-induced gluon radiation is most 
reliable for calorimetric measurements, but it also provides 
a framework for the discussion of medium-modified multi- 
plicity distributions ptTI!^ . At RHIC calorimetric mea- 
surements are not currently performed, and the present 
discussion is on particle distributions associated to high- 
Pt triggers (25u26ii27) . We have compared our calculation 
to data of the STAR Collaboration |25II26| . which mea- 
sured the widths of the rj- and ^-distributions of produced 



Nestor Armesto: Flow effects on jet profiles and multiplicities 



3 



0.8 
0.7 
0.6 
0.5 
0.4 
0.6 
0.2 



A77 ms 



A I Near a.. 




Ac^ rns 



Near a. 



ICQ 200 300 400 500 600 700 



Fig. 3. The width in azimuth and rapidity of the near-side 
distribution of charged hadrons associated to high-pT trigger 
particles of transverse momentum 4 GeV < pr < G GeV in 
Au+Au collisions at ^sjvjv = 200 GeV. Black points are pre- 
liminary data from the STAR collaboration [25}. The band rep- 
resents our calculation for longitudinal flow flelds in the range 
2 < qo / n < 4, see text for further details. 



hadrons associated to trigger particles of transverse mo- 
mentum 4 GeV < pt < 6 GeV. As a function of centrality 
of the collision, the ^-distribution does not change within 
errors, while the 77-distribution shows a significant broad- 
ening, see Fig. 121 Although these data are still preliminary, 
they allow us to illustrate the strategy of determining col- 
lective flow effects from jet asymmetries. To this end, we 
have first used the width of the jet-like correlation in p+p 
collisions to characterize the vacuum contribution. The 
energy of the parent parton was fixed to 10 GeV. We have 
chosen a rather small in-medium path length L — 2 bn to 
account for the fact that high-p^ trigger particles tend to 
correspond to parent partons produced near the surface. 
We then calculated the asymmetry of the broadening in 
Ar] and Acj) by varying the average momentum transfer 
between fj, = 0.7 and /i = 1.4 GeV, and the size of the col- 
lective flow component between q^/ fx = 2 and go/M = 4. 
The results thus obtained for central Au+Au collisions 
were extrapolated to peripheral ones by a straight line 
and are represented by the band in Fig. |21 Numerical un- 
certainties in applying calculations of parton energy loss 
to transverse hadron momenta pt < 10 GeV are signif- 
icant and have been discussed repeatedly However, 
the origin of the angular broadening of jet-like particle cor- 
relations is essentially kinematic, being determined by the 
ratio between the momentum transfer from the medium 
and the energy of the escaping particle; hence, the result 
in Fig. O should not depend strongly on the details of our 
calculation. We observe that the ratio qa/^ = 4, corre- 
sponding to a boost of the energy-momentum tensor |^ 
by approximately one unit in rapidity Arj, can account for 
the tendency in the preliminary STAR data of Fig. |31 It is 



consistent with a space-time picture of Au-f Au collisions 
at RHIC in which the co-moving frames of the hard parent 
partons of trigger particles and of the medium are boosted 
by one rapidity unit. 

2.3 RHIC: elliptic flow 

In general, a hard parton will suffer less energy loss if it 
propagates on a trajectory parallel to the flow field. Thus, 
for the same medium-induced suppression, the azimuthal 
asymmetry at high transverse momentum becomes larger 
when the contribution of the collective flow field is in- 
creased. To estimate the size of this effect, we consider 
a simple two-dimensional model, see |7] for details. The 
hard parton is produced at an arbitrary position (xo,?;o) 
in the transverse plane according to the nuclear overlap. 
It propagates in its longitudinally co-moving rest frame in 
the transverse direction n — (cos iy9, sin (/?), along the tra- 
jectory ro(^) = (xo + i cos(/3, ?/o + ^sin(/?). For simplicity, 
we assume that the longitudinally co-moving rest frame 
of this hard parton is the longitudinal rest frame of the 
medium. Then, there is only a transverse but not a lon- 
gitudinal flow component. In this exercise we will work 
in the multiple soft scattering approximation |21ll22j . For 
the BDMPS transport coefficient which includes collective 
flow effects, we make the ansatz 



(4) 



Here g/ and g„y stand for the flow and non-flow compo- 
nents to q, the two-dimensional vector is orthogonal to 
the parton trajectory and projects out the corresponding 
transverse component of the collective flow field UT(ro(0)- 
Defining q„j as the time-averaged transport coefficient of 
the dynamically equivalent static scenario |16lll7lll8j . the 
ansatz Q can account for one of the main effects of longi- 
tudinal expansion, namely the time-dependent decrease 
of the density of scattering centers. In the presence of 
collective flow, there is an additional momentum trans- 
fer orthogonal to the parton trajectory and hence par- 
allel to riT = { — sin ip, cos (fi). Since the transport coeffi- 
cient denotes the squared average momentum transfer per 
unit path length, this contribution enters quadratically, 

l"T(ro(0) • nrl^- 

For an exploratory model study, we use a blast-wave 
parameterization of the hadronic freeze-out stage of the 
collision [^H], see |7| for details. With this input, we calcu- 
late the characteristic gluon energy and average transverse 
momentum squared for a parton trajectory in a medium 
characterized by its density distribution and its collective 
flow field. With the ansatz for the BDMPS transport 
coefficient, we find 

poo 

w,{ro,^) - / dam^{r{0,0, (5) 
Jo 



{qL){ro,p)= / de<7(C)r2(r(e),0 
Jo 



(6) 



LJclro, depends linearly on g„/ and on the relative flow 
strength qf/qnf- It increases with increasing flow for par- 
ton trajectories which are not parallel to the flow field and 
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Fig. 4. The dependence of elliptic flow V2 and the non-flow 
component of the BDMPS transport coefficient g„/ on the rel- 
ative flow strength qf /qnf, for the case of a nuclear modifica- 
tion factor Raa = 0.5 in semi-peripheral Au-(-Au collisions for 
a fixed transverse momentum pr = 7 GeV. 



shows distortions [7] which, as AE « asUj^ QSIj provide 
a first indication of the extent to which parton energy 
loss depends on a transverse flow field and affects the az- 
imuthal distribution of inclusive hadron spectra. 

To estimate the effects of transverse flow, we get from 
^ and 10 the relative suppression of hadronic spectra 
due to medium-induced parton energy loss N{xo,yo, ^,Pt) 
= For details of the evaluation, see [7|. The 

results, see Fig.0I illustrate two qualitative effects of trans- 
verse flow; First, low-pT elliptic flow induces an additional 
contribution to high-p^ azimuthal asymmetry. This effect 
may reduce significantly the discrepancy of models of par- 
ton energy loss pi^lTHIj in accounting for high-pT V2- Sec- 
ond, the presence of coUective flow diminishes strongly the 

4/3 

local energy density e oc of the medium required for 
a nuclear modiflcation factor Raa of flxed size. 



3 Summary 

We have performed an exploratory study of the effects of 
collective flow on medium-induced radiative energy loss. 
Jets at LHC [31] may show a clear rj — 0-asymmetry. At 
RHIC flow can produce asymmetries in associated particle 
production for different directions, and an sizable increase 
of elliptic flow. The determination of densities from jet 
quenching studies becomes more involved, as flow may 
mimic energy density. Theoretical uncertainties |12| exist: 
finite energy corrections, hadronization (which requires pp 
and pA data),. . ., but even a negative result would provide 
information about the space-time evolution of the system 
(e.g. of the coupling between hard production and flow). 



Truly quantitative answers require the computation of this 
effect within a full hydrodynamical simulation |82| . 
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